The authors propose a tunable slow-light slotted photonic crystal (PhC) waveguide, without nanoscale variation of structure parameters, applicable in on-chip absorption spectroscopy. The main feature of this structure is that the enhanced electrical field is strongly localized in an air slot with nanometer width due to slow-light properties of a slot mode. In the proposed structure, the slow-light region of the slot mode can be controlled using a selective infiltration of a PhC waveguide. The numerical calculation reveals that an enhancement factor, , of 20 can be achieved.
Introduction
Infrared-region absorption spectroscopy is widely used for chemical sensing; detection and identification of hazardous materials, aerosol particles, or greenhouse gases; pollution control; and monitoring of various industrial and atmospheric processes. The uniqueness of absorption bands in the infrared spectra of individual chemical sample makes it possible to identify and quantify small traces of compounds in gases and fluids. The most widely used technique in bulky conventional optics is absorption spectroscopy at one or multiple wavelengths. The method is sensitive but requires a comparably long absorption path. In particular, in the context of miniaturized absorption spectrometers for lab-on-a-chip applications, absorption detection may not be sensitive enough due to the short absorption path length. To improve the sensitivity, the absorption path length can be increased for example by using a U-cell. Petersen et al. designed a microfluidic device containing a U-cell that is part of a waveguide, with a length of 750 m and a detection volume of only 0.27 nL [1] .
The slow light supports further enhancement of the light-matter interaction to design ultracompact, low power devices, [2] and highly sensitive label-free biosensors. In optical sensing, lightmatter interactions rely on the strength of the interaction between the optical field and the sample. Dispersive photonic crystal (PhC) waveguides have been used as a tool in miniaturized biological and chemical sensing, including refractive index sensing [3] , [4] and absorption spectroscopy [5] . In these waveguides, increasing the light-matter interaction can be obtained by appropriate waveguide design, for example using the slow-light effect. In particular, the absorption path length can be increased in absorption spectrometers by reducing the speed of light.
In absorption spectroscopy, whenever the excitation frequency of light matches with an absorption line, a dip appears in the transmitted light. If the absorption lines fall within the slow-light region, the slow-light effect increases the effective interaction length with the sample.
In PhC waveguides, light is usually strongly confined to the high index guiding layer, which is a major drawback for sensing applications. Recently, slotted PhC waveguides (S-PhCWs) have been proposed, and the ability of these structures to confine and control the propagation of light has been demonstrated [6] . Very recently, S-PhCW have been reported to be an excellent tool for absorption spectroscopy, but this work presented by Wei et al. is not optofluidic based and does not contain a tunable slow-light region [7] .
In this paper, we propose an optofluidic slotted slow-light PhC waveguide (OS-PhCW) for absorption spectroscopy. The proposed device combines the tunable slow-light effect in PhC waveguides using selective microfluidic infiltration and optical field enhancement in a slot waveguide.
Optofluidics is an emerging field of research that integrates nanophotonicsVthe manipulation of photons on the wavelength-scaleVwith microfluidics, the control of fluids on the micron scale. Demonstrations of optofluidic devices exploit the characteristics of fluids to achieve dynamic manipulation of optical properties and reveal promise for their widespread use [8] , [9] , for instance for highly sensitive integrated sensors [10] , [11] , or tunable and reconfigurable photonic devices [12] - [16] .
The rest of this paper is organized as follows: In Section 2, the theoretical foundations of absorption spectroscopy, along with the challenges that result from its application in lab-on-a-chip devices will be reviewed. In Section 3, a tunable OS-PhCW will be designed by using the 3-D planewave expansion method (PWM), and the slow-light properties in an OS-PhCW will be investigated by considering various parameters, e.g., slot width, refractive index of the infiltrated fluid. The results and discussion will be presented in Section 4. Finally, in Section 5, we present a summary of the paper.
Absorption Spectroscopy and Beer-Lambert's Law
In absorption spectroscopy, the transmission of light can be related to molecular species absorption by the Beer-Lambert law, given by [17] T ðÞ ¼ I I 0 ¼ expðÀ LÞ
where I, I 0 , , and L are the transmitted intensity of light falling on the detector, incident intensity, spectral absorption coefficient, and path length that the light travels through the absorbing media, respectively. In lab-on-a-chip systems, the optical path length L of an absorbance cell is often reduced by several orders of magnitude compared with typical macroscopic systems. The sensitivity of the device will significantly decrease by reducing the optical path length. This problem can be solved by slow-light enhanced light-matter interaction in PhCs. In miniaturized devices, the modified Beer-Lambert law is given by
where is the enhancement factor due to the slow-light effect in dispersive structures such as PhC waveguides. The enhancement factor for an absorbing fluid has been derived by Mortensen et al. using perturbation theory [18] ¼ f Â 
where f is the filling fraction, which denotes the fraction of light that overlaps with the analyte, and v g is the group velocity in the fluid-infiltrated structure. The slow-light enhancement is due to two contributions: the longer transient time of light pulses in optical media and the higher energy density due to spatial pulse compression. According to (3), it is necessary for the enhancement factor to be large in order to achieve a maximum absorbance enhancement in lab-on-a-chip absorption spectroscopy. The enhancement factor can obviously be increased by both small group velocity v g and high filling fraction f . In this paper, an OS-PhCW is proposed for absorption spectroscopy in lab-on-a-chip systems. By implementing the proposed structure, small v g and high f can be achieved. The absorption resonances of samples (including gases or biomolecules such as DNA) and the calculated parameters can be linked together by numerical methods [5] , [17] .
Proposed S-PhCW for On-Chip Spectroscopy
The proposed on-chip spectrometer is based on an OS-PhCW. The schematic of this design is displayed in Fig. 1 . The blue dots, yellow stripe, and red dots show the infiltrated fluid, sensing region (absorption cell), and air holes, respectively. We have used microfluidic infiltration through the first two rows of holes adjacent to the defect of the W1 PhC waveguide to tune the slow-light region and the displacement of the band edge of the slot mode [19] . We note that this design has the ability to detect the absorbed wavelengths through the slow-light region in slot mode, see Section 4 for more details.
Absorption spectroscopy can yield information related to a target molecular species or gas, such as concentration, pressure, or temperature. When analyzing molecular species, the target substance is often mixed with a carrier fluid (for example water) that is then filled into the absorption cell (here through the slot in the PhC waveguide; yellow stripe in Fig. 1 ). An excitation pulse is launched into the ridge waveguide and then coupled to the PhC sensor, and the output spectrum is detected at the output of the ridge waveguide (green rectangle in Fig. 1 ) [7] , [20] .
Whenever the wavelength of the probing light matches the unique absorption signature of the target material, a local dip appears as resonance of the analyte absorption loss in the transmitted light.
It is possible to identify gases or biomolecules in a mixture by evaluating the corresponding transmission signature using an array of OS-PhCWs.
Dispersive PhC Waveguides and Slotted Waveguide Properties
One interesting property of PhC waveguides is that the group velocity v g of the guided mode becomes small near the band edge. This can be explained by considering the dispersion curve, ! versus k , of a PhC waveguide. Physically, the inclination of the dispersion curve is related to the group velocity v g of the waveguide mode, which is defined by
where ! is the frequency and k is the wave vector along the waveguide. n g indicates the group index of the waveguide mode. By approaching the band edge from the longer wavelength side, the Fig. 1 . Schematic of the proposed on-chip spectrometer. The colored dots indicate the infiltrated fluid to achieve the slow-light effect (blue dots), the sensing region (absorption cell, yellow stripe), and air holes (red dots).
group velocity decreases rapidly, because the light can be described as a slow-light wave. The light localization of the slow-light wave is a function of operation wavelength and propagation medium. This wave localizes in the high dielectric part of the PhC on the red side of the band edge, the longer wavelength side, or localizes in the low dielectric part on the blue side of the band edge, the shorter wavelength side [21] . This implies that an absorber located in the high dielectric medium interacts more strongly with the longer wavelength side and less strongly with the shorter wavelength side.
On the blue side of the band edge, the slow-light mode is localized in the low index part of the PhC, i.e., in the air holes. In our proposed structure, an absorber substance is confined to the low refractive index part, i.e., the slot of the PhC waveguide (yellow stripe in Fig. 1 ). By controlling the dispersion of the slot-guided mode using an optofluidic approach, the slow-light region of the slot mode tunes to the blue side of the band edge wavelength corresponding to an absorption signature of an absorber substance. Consequently, the absorbance of the analyte will be enhanced. Dispersive PhC waveguides are essential tools for implementing a slow-light on-chip spectrometer due to the ease of engineering the dispersion over a broad spectral range [22] .
In this section, the potential of slotted optofluidic W1 PhC slab waveguides for designing an onchip slow-light based absorption spectrometer will be studied. A slab PhC is a 2-D periodic structure fabricated into a planar slab waveguide, such as silicon-on-insulator (SOI) substrates [23] .
One approach to achieve slow light in PhC waveguides is to design the band gap of the PhC waveguide with the operating wavelength very close to the band edge. High group index can be achieved near the band edge, but it is highly frequency dependent. In some applications, one would prefer a slow-light waveguide to have a large operating bandwidth over which the group index is nearly constant. For example, the authors have proposed a biosensor architecture based on an optofluidic PhC waveguide with constant group index over a large bandwidth [24] . Here, a new structure is proposed with slow-light properties using OS-PhCW.
The slotted waveguide is a high-index contrast photonic structure where two ridge waveguides are closely located with a nanometer size gap of low index in between [25] .
Compared with conventional waveguides, where the main part of the optical field is confined within the high index core, in the low refractive index slot, a large fraction of the electric field is in the low index layer. This occurs only for transverse-electric (TE) polarization mode whose electric field is perpendicular to the slot interfaces. The field is affected by a discontinuity at the slot-wall interface, and this increases the overlap of the optical field evanescent tails within the slot. For very small slot widths, the field stays strongly confined in the slot, thus enhancing the field intensity in this region with respect to the field confined in the walls. The air slot plays an important role for the realization of strong field localization in free space.
The physical mechanism of operation of a slotted waveguide is based on the discontinuity of the electric field at dielectric boundaries, as shown in (5) . According to Maxwell's equations, the normal component of the electric displacement field D is continuous at an interface of two dielectrics. The corresponding E-field must undergo a discontinuity with higher amplitude in the low-refractive index side
where n L and n H denote low and high refractive index regions, respectively. According to (5), the electric field in an air slot, EL, is enhanced by a factor of ðn 
Design of a Tunable OS-PhCW
The OS-PhCW shown in Fig. 1 is composed of a line defect W1 optofluidic PhC waveguide and a linear air slot in the center of the W1 waveguide. In order to analyze the behavior of the modes in OS-PhCWs, the 3-D plane wave expansion method is employed [26] , [27] . We carry out 3-D band structure calculations of modes for a conventional slotted W1 waveguide and an OS-PhCW. A triangular PhC lattice that consists of air holes with a periodicity of a ¼ 470 nm, and a radius of air holes of r ¼ 0:3a has been assumed. The calculations are restricted to TE polarization states, i.e., with the electric field being parallel to the plane of the slab. We consider the thickness and refractive index of the silicon slab equal to 220 nm and 3.52, respectively. The design parameters of the S-PhCW are chosen to support a single even air-slot-guided mode.
The properties of the OS-PhCW are defined by the refractive index of the material, the lattice constant a, the radius of the holes r , the width of the slot w , and refractive index of infiltrated fluid into the first two rows of air holes on either side of the W1 waveguide. A suitable combination of these values allows us to define structures that support an enhanced local field that is strongly confined in the air slot.
Results and Discussion
A schematic representation of a supercell of an optofluidic W1 PhC waveguide for the creation of slow-light effects is shown in Fig. 2(a) . The red and blue dots represent air holes and fluidinfiltrated holes, respectively, and the yellow marked line indicates the air slot. The band structure calculation of the slotted W1 waveguide is displayed in Fig. 2(b) , with three modes being shown. The modes, which are indicated by the blue, green, and red marked curves, correspond to the fundamental even mode, the higher-order odd mode inside the band gap of a standard W1 waveguide, and the air-slot mode, respectively [28] . With adding an air slot inside the W1 waveguide, the even mode of the W1 waveguide is replaced by the air-slot mode, and the odd mode is pushed toward higher frequencies due to the reduction of its filling factor [6] . The air-slot mode and the higher order odd mode inside the band gap are slot-guided modes. As mentioned earlier, the low refractive index slot enhances the electric field E x of the air-slot mode, due to the continuity of electric displacement D x across the slot boundary. In this case, the electric field of the higher-order odd mode of the W1 waveguide inside the air-slot region is not enhanced, since its polarization is parallel to the slot [28] , [29] .
In order to illustrate the effects of fluid infiltration, the dispersion properties of an OS-PhCW with different infiltrated fluids and a conventional S-PhCW (without an infiltrated fluid) are compared. In order to design S-PhCWs with certain dispersive properties for the creation of slow light, first, the effect of the slot width w on the band structure is examined. Fig. 3 reveals the dependence of the air-slot mode band structure as a function of the slot width w . Fig. 3(a) indicates that (with lattice constant, a, and radius, r , being held constant) the air-slot mode band structure monotonically shifts toward higher frequencies when the slot width increases from w ¼ 80 nm to 160 nm. This is due to the fact that an increase in slot width is equivalent to the decrease of the PhC effective refractive index. This means that the band structure of the air-slot mode shifts to higher frequencies. Fig. 3(b) illustrates the corresponding group index n g characteristics as a function of wavelength of the air-slot-guided mode for different slot widths.
Next, we examine the effect of the refractive index of a typical analyte that is being infiltrated into the sensing region (yellow stripe in Fig. 1 ) of the conventional S-PhCW and OS-PhCW, on the band structure. The results are displayed in Fig. 4 . This figure indicates that, for both structures, by increasing the refractive index of a typical analyte, n s from 1.0 up to 1.8, the slot mode band structure monotonically shifts toward lower frequencies. In the OS-PhCW, the refractive index of fluid that is being infiltrated into the first two rows of air holes on either side of the W1 waveguide is assumed to be n f ¼ 1:5.
Furthermore, the results reveal that, in the conventional S-PhCW, the analyte region (i.e., the analyte that is being infiltrated into the slot) changes the slot mode and this leads to the degradation of the slow-light effect in terms of sensitivity. However, in the OS-PhCW, we can tune and control the slotted mode to the desired value due to the additional free parameter (microfluidic infiltration).
As mentioned earlier, our goal is to design a S-PhCW with properly including the ability to detect the absorbed wavelengths in the slow-light region of the slot mode. By controlling the dispersion of the slot-guided mode, the slow-light region of the slot mode can be tuned to a wavelength that corresponds to an absorption signature of a target substance. In order to control and tune the dispersion curve of the air-slot mode based on the microfluidic infiltration approach, the effect of the refractive index of the fluid that is being infiltrated into the first two rows of air holes on either side of the W1 OS-PhCW was examined. Fig. 5(a) shows the air-slot-guided mode behavior when the refractive index n f of the fluid that is infiltrated into the first and second rows of holes adjacent to the line defect varies from n f ¼ 1:0 to 2.2. Fig. 5(b) illustrates the corresponding group index n g characteristics of the air-slot-guided mode as a function of wavelength for different refractive indices of infiltrated fluid.
At the band edge, the group velocity of light decreases sharply; thus, localized slow light cannot propagate forward because the wave vector does not continue, and hence, the optical intensity is low at the output of the device. However, in the OS-PhCW, the localized light in the slow light region propagates forward along the waveguide and a large optical intensity can be coupled out. At the band edge, the group velocity reduces to zero, and large group velocity dispersion (GVD) occurs. As shown in Fig. 5 , by infiltrating fluid into the first two rows of air holes on either side of the W1 waveguide, the slot mode nonmonotonically shifts toward lower frequencies. Light first propagates with positive GVD until it reaches the zero group velocity. Then, light propagates forward with negative GVD. Therefore, the OS-PhCW structure can be used to compensate GVD of slow light.
In Fig. 5 , it can be seen that the air-slot-guided mode shifts to lower frequencies and the slow-light region to longer wavelengths. Therefore, fluid infiltration offers an additional free parameter independent of the fabrication of the PhC to achieve a desired air-slot-guided mode. In addition, the postprocess nature of this approach (the infiltration step is performed after the waveguide fabrication) allows adaptation of the infiltration depending on the actual PhC structure produced, while the microfluidic aspect offers the potential for (re)configuring the slow-light waveguide at will. In fact, the capability to control the dispersion of the slot mode after fabrication is interesting to tune the slow-light region. Also, it is particularly interesting to compensate fabrication imperfections.
An important question is the accuracy of the infiltration method. The selective infiltration of silicon PhC air holes with liquids has been shown by a small number of groups [9] , [12] - [16] , [30] . It has been experimentally proven that high precision and good reproducibility of local filling of PhC holes is achievable by means of selective infiltration techniques. For instance, Erickson et al. [9] used an integrated microfluidic circuit, Intonti et al. [15] have used a modified confocal laser scanning microscope equipped with a microinfiltration system, and Karnutsch et al. [13] , [14] , [30] used a micropipette whose size is comparable with the PhC air holes.
A change in the hole radius, r , slot width, w , and fluid infiltration affects the shape and position of the slot mode in the band structure, which means that a particular characteristic can be obtained by changing these parameters.
According to (3), the enhancement factor can be increased by both small group velocity (high group index) and high filling fraction f . The small v g and high filling factor f can be obtained in the OS-PhCW. In the following section, the enhancement factor is obtained by calculating the group index of the slot mode.
In the absorption spectroscopy application of the OS-PhCW, a single resonant frequency, ! 0 , corresponding to an absorption signature of a target material is assumed. In Fig. 6(a) , the horizontal red line shows an absorption resonance frequency of a typical analyte. The interaction between the optical field and the absorption resonance frequency occurs at crossing points between the dispersion curves of the slot modes and the horizontal red line. From Fig. 6(a) , the enhancement factor is calculated at crossing points for increasing the slot width for a fixed analyte and no infiltrated holes, n f ¼ 1. As can be seen in Fig. 6(a) , the air-slot mode does not have a small group velocity v g ðn g % 5Þ at the crossing point for a slot width w ¼ 160 nm, because the crossing point is not within the slow-light region. Thus, the enhancement factor is low, with % 2, and hence, the light matter interaction is minimal. For a slot width w ¼ 140 nm, the crossing point is located near the slow-light region. In this situation, the group velocity v g ðn g % 17Þ is of medium value. Thus the enhancement factor is in the medium range as well, with % 7. The crossing point for a slot width of w ¼ 160 nm is occurring where the group velocity v g is small, corresponding to the band edge slow-light air-slot mode. Near the band edge, high group index can be achieved, but it is highly frequency dependent. In this situation, due to group velocity limitations, n g % 50 is obtained; thus, the enhancement factor is % 20, and light-matter interaction is strongest. These results show that the width of the slot is an important parameter to change the dispersive properties of the slot mode for the creation of a slow-light region.
As mentioned earlier, optofluidic technique offers an additional free parameter, which is independent of the fabrication to achieve a desired the air-slot-guided mode. Fig. 6(b) shows the optofluidic tuning of the crossing point between the absorption resonance frequency of a typical analyte and the slot mode with a fixed slot width w ¼ 160 nm. As shown in Fig. 6(b) , originally the crossing point is located in a region with large v g ðn g % 5Þ, consequently with low enhancement factor of % 2. In the situation shown in Fig. 6(b) , when a fluid with n f ¼ 1:4 has been infiltrated into the conventional S-PhCW (blue dots in Fig. 1 ), the crossing point is shifted into the slow-light region where v g is small ðn g % 50Þ. In this situation, the enhancement factor is nearly equal to 20, and thus, light matter interaction is maximized.
Considering the relation between n f , slot width w , and band structure, by using the basic electromagnetic equation c=n ¼ f for light, we can find a relation between these parameters. It can be seen that index of refraction and frequency are inversely related for a given wavelength of light, which supports the concept of microfluidic infiltration on the dispersion. By increasing the refractive index of fluid or decreasing the slot width, the value of effective refractive index increases. This means that the band structure of the air-slot mode shifts to lower frequencies.
Next, we investigate the effect of the number of infiltrated air hole rows (N) on either side of the W1 PhC waveguide on the air-slot profile. We observe that the infiltration becomes less influential for N 9 2, particularly on the shift of the position and shape of the air-slot mode. This can be explained by the confinement of the air-slot mode in the central region of the slot. This is due to the air-slot mode being strongly confined to the slot and the fact that the field strength decreases significantly in the region between the first and second row of holes.
The increase of the enhancement factor due to slow-light effects can be explained in terms of the photonic density of states of the slot mode. The photonic density of states equation is given by where ð!Þ indicates the number of states that have frequency !ðk Þ, n is an integer, and ds denotes a small surface element of !ðk Þ ¼ constant: v g ¼ r!ðk Þ is the group velocity being inversely proportional to the projected density. The integration is carried out over a surface S with constant frequency. This equation gives an explicit relation between the photonic density of states and the band structure of the PhC [31] - [33] .
In our design, in the slow-light region of the slot mode, ð!Þ takes on a large value due to small v g in this region according to (6) . When an absorption resonance frequency ! 0 is located in this region due to large photonic density states, the light-matter interaction can be enhanced. Thus, the enhanced absorbance of an analyte can be achieved. This means that the slow light can enhance the density of the electromagnetic fields in the slot region. These enhanced local fields have the potential to increase the effective interaction length with the analyte in an on-chip spectrometer.
Summary
We propose a new sensor structure with slow-light properties using a slotted optofluidic PhC waveguide. The main feature of the proposed structure is that the enhanced electrical field is strongly localized in an air slot due to slow-light properties. The numerically investigated results show that it is possible to control and tune the dispersion curve of the air-slot mode by microfluidic infiltration of the PhC air holes. The slow-light region of the slot mode can be tuned to the absorption signature of an analyte substance by controlling the dispersion of the slot-guided mode. The enhancement factor is large due to the slow-light effects, and consequently, the absorbance of a typical analyte in the slot region will be increased. This is an important feature to design structures for on-chip absorption spectroscopy. The proposed OS-PhCW has three attractive characteristics for on-chip absorption spectroscopy. First, the target analyte such as a gas or a liquid can flow directly through the slot in the middle of the PhC waveguide. Second, the slow-light effect can enhance the sensitivity of the on-chip spectrometer. Third, the innovative feature is the tunability of the slow-light region of the slot mode in correspondence with an absorption signature of an analyte substance.
